Abstract. The surface potential decay measurement is a simple and low cost tool to assess electrical properties of insulation materials; therefore, understanding the physical mechanisms of the surface potential decay becomes necessary. With our recent space charge measurement results on corona charged samples, bipolar charge injection on corona charged samples had been observed. Based on this new fact, it is anticipated that the ground electrode should have significant effect during corona charging and subsequently decay processes. In the paper, low density polyethylene (LDPE) film with gold ground electrode was compared with LDPE film with aluminium ground to study effect of ground electrode on charge injection and surface potential decay processes. Charging current during the corona charging, surface potential decay and space charge dynamics after corona charging in the samples with either gold coated or aluminium ground electrode were measured. Differences have been observed for gold ground electrode when compared with aluminium ground electrode. Higher work function of gold electrode is responsible for the observed differences. A preliminary simulation has also attempted to show that the bipolar injection may take place in corona charged LDPE films.
Introduction
The study of surface potential decay in dielectric materials has a long history and is closely related to the wide application of corona charged dielectrics. It became a very popular topic after the surface potential decay cross-over phenomenon was found in 1967 [1] . To understand the physical mechanisms that may cause it, several assumptions and hypothesis have been made and the explanation so far is not satisfactory. Generally, there are four possible mechanisms that have been discussed in relation to their effects over the surface potential decay process: gas neutralization, surface conduction, sample polarization and charge injection [2] . Most hypotheses believe that the effect of gas neutralization and surface conduction can only be applied in some special circumstances and neglected in conventional condition; the sample polarization is also negligible if the charging period is long enough [3] [4] [5] [6] [7] . The deep trap on the surface and shallow trap in the material was used to qualitatively explain the cross-over phenomenon; when corona discharge charged the polymer, the surface of the film is at a high potential and electrons travel easily across the deep trap due to higher energy, therefore, electric charge on the surface decays faster. If the film is less charged by corona discharge, and the surface is at a low potential, then the electron with less total energy cannot travel across the deep trap easily [8] . To understand clearly how the corona charged film decays, not only the charge injection at the surface need to be studied, but also knowledge on the charge distribution inside the polymer film is required.
Over the last 20 years, there has been significant development in space charge mapping in solid dielectrics due to the advances in sensors, signal capture and processing. Techniques such as the laserinduced pressure pulse method (LIPP) [9] , thermal step method (TS) [10] and pulsed electroacoustic method (PEA) [11] have been used to study in the field of space charge measurement. They provided significant assistance in the understanding of charge injection, charge transport and trapping (detrapping). Previous work [12] applied the PEA technique to corona charged sample and therefore observed the bipolar charge injection and the decay process inside the polymer film. The aim of this paper is to extend our understanding of occurrence of bipolar charge injection by investigating the influence of different ground electrodes, i.e. aluminium and gold.
Experimental Details

Sample preparation
The samples used for the decay experiments are low density polyethylene (LDPE) film with 50 µm thickness. The film was purchased commercially from GoodFellow. Additive-free LDPE was selected to avoid extra complications that might be caused by the presence of antioxidants and other additives. The film was cut into a circular disc with a diameter of 55 mm, cleaned initially using methanol, rinsed in deionized water and then dried in air. For gold coated sample, the gold electrode was sputtered on one side of the sample by K500X Sputter coater for 2 min and 30 seconds using a 25 nA current. The settings give 20 nm thick with 53 mm diameter gold on one side of the polymer.
Surface potential decay measurement
The LDPE film was negatively charged in the needle-grid corona charging system shown in Figure 1 . The needle electrode is 3 cm away from the top surface of earth plate. It always has a relatively high voltage to generate corona discharge. The grid electrode is 1.5 cm away from the top surface of earth plate. It was used to control the surface potential of the tested samples and uniformly distributed the potential along the whole surface of the sample. The grid potential is influenced by the needle potential. If the grid potential is selected too low, then its value will be controlled by the needle potential instead of its voltage source. All the results shown in this paper are referenced by the grid electrode voltage. As the earth plate is made from aluminium, the bottom surface of the sample will be in direct contact to it. Therefore, it is known as the aluminium electrode sample. There are two ways to build gold electrode samples; one is that the gold coated on one side of the LDPE sample and the sample will contact the aluminium earth plate, the other is that the gold coated on the aluminium earth plate. After the charging voltage has been set up, the sample described in section 2.1 will be charged under the grid electrode for a fixed 2 min charging time. To achieve consistent results, all experiments were carried out in a controlled environment where temperature and relative humidity were kept at 23 °C and 20% respectively.
Once charged, the sample was transferred to a compact JCI 140 static monitor to observe the surface potential decay. The time required to transfer the sample is around 1 s, and the first decay data is taken at 5 s after the charging due to the time interval of the static monitor taken a reading. The user manual of JCI 140 static monitor shows that the reading from the instrument varies with the distance between its sensor and the measured object. Therefore, to convert the readings from the static monitor into the sample surface potentials, a calibration needs to be carried out. The static monitor in our experiment is set 3 cm above the sample top surface. The calibration was done by placed a 5 µm thick with 53 mm diameter aluminium foil which connect with a high voltage source on top of our sample. A linear relationship with R 2 =0.998 is obtained between the reading from the static monitor and the applied voltage to the aluminium foil as shown in Figure 2 . Therefore, according to the equation shown in Figure  2 , the surface potential on the LDPE film can be evaluated by using the readings from the static monitor divided by a factor of 1.692. Of course, the slope in the linear relationship will change with the geometry of the experimental settings. However the thickness of the gold is negligible, hence the surface potential from the films with gold electrode can be measured under the same calibration. 
Corona charging current measurement
Considering the large size of the grid electrode (9 cm × 4.5 cm), the corona charging current was measured by using a 50 µm thick with 10 cm diameter LDPE. The charging current was determined by measuring the voltage across a 10 MΩ resistor placed underneath the earth plate. As the sample is big, gold is coated on the aluminium earth plate to provide the gold electrode for the current measurement. It is known that the distance between the grid electrode and the sample will affect the sample's potential.
In the present study, the grid electrode is set to 1.5 cm away from the ground therefore the thickness of the gold is negligible. The currents were measured during corona charging period.
Space charge measurement
The space charge distribution in the corona charged LDPE film was measured by the pulsed electroacoustic (PEA) technique. This technique is widely used due to its simple structure, low cost and ease of implementation. After one LDPE film was corona charged for 2 min in the corona charging system, it was carefully removed by using a pair of insulated head tweezers. To protect the charges on both side of the sample, it needs to be sandwiched by two additional LDPE films A and B. which are made from the same material as described in section 2.1. The typical experimental procedure is described as follows: (i) place film B on the ground electrode in the PEA system, (ii) transfer the corona charged film and put it on top of film B, and finally (iii) place film A on top of the corona charged sample before mounting the PEA head. The whole process takes about 1 minute before the first PEA measurement can be carried out. Figure 3 shows the setup of PEA measurement and Figure 4 shows that the gold coated sample is still gold coated while doing the PEA measurement. A very thin layer of silicone oil is often smeared on the electrodes to improve acoustic coupling. When a voltage pulse of 5ns length is applied to the sample sandwiched between the two electrodes, the pulse electric field interacts with the charges on the electrodes as well as the accumulated space charges in the specimen, and the movement of charge generates acoustic waves. The acoustic wave produced corresponds to each charged layer. The waves are then transmitted to the bottom electrode, which is much thicker hence it will delay the arrival of the waves until the instability from the pulse source disappears, and then they are detected by a piezoelectric transducer. The waves are converted into an electrical signal by the transducer. The electrical signal is then amplified and finally captured with a digital oscilloscope. 
Experimental Results and Discussion
Surface potential decay measurement
In this section, the surface potential decay results measured by the static monitor will be discussed. Negative polarity was used to deposit charges on the sample surface; however, the absolute surface potential has been used here. It has been observed that the surface potential decay curves are almost the same for gold coated sample and sample placed on gold coated ground electrode, only the results obtained from the gold coated sample are shown here for comparison with aluminium ground sample. From Figure 5 , the difference between the gold ground and aluminium ground LDPE films can be clearly seen especially with high initial surface potential. The cross-over phenomenon is shown with the aluminium LDPE in a short decay period (at about 4 min). However, for gold ground LDPE it shifts to a much longer time and it cannot be observed after 20 min decay. To analyse the effect of different ground electrode, a decay rate D is introduced. D is defined as:
where and are the potentials for the initial potential and the potential after certain time Figure 7 shows the corona charging current that was calculated from the measured voltage across the 10 MΩ resistor. The current below -3 kV is too noisy to be measured in the present arrangement. The initial peak current is not shown in Figure 7 mainly because of very long charging time, however, our interest lies in the steady state of this current. To quantify the difference, the ratio of gold ground current (GGC) and aluminium ground current (AGC) at 120 s charging time is shown in Figure 8 .
Corona charging current measurement
It can be seen that the measured current in the gold ground electrode LDPE films is smaller than the current of aluminium ground LDPE films at any voltage levels, and surprisingly, the ratio between these currents are around 75 % for all the voltage levels measured. This can be explained by the differences of the charge injection barriers between aluminium and gold electrodes in the Schottky injection mechanism.
Space charge measurement
It is clear from the above results that the charge injection from the bottom layer affects the surface potential decay and the corona charging current. To reveal the mechanism that may be responsible for the observed phenomenon, charge distribution in corona charged LDPE with different electrodes were measured as shown in Figures 9 and 10 at -2 kV and -8 kV respectively. Based on the setup in Figure  3 , there are two distinctive charge troughs and peaks across the aluminium ground sample from left to right and one trough and two peaks for gold ground sample. For the aluminium ground sample, the first trough and last peak are known as the induced charge parks on the PEA electrodes, the first peak corresponds to the bottom surface of the corona charged film and the second trough represents the charges from the corona charged side of the sample. For gold ground sample, the first induced charge trough is not shown because the gold coated side of the sample is grounded during corona charging process. Therefore, based on the measuring set up in Figure 4 , there is no electric field in LDPE film B, and the first trough disappeared. 
Discussion
Polyethylene is a typical semi-crystalline material; it contains various charge traps [13] . Therefore, it is believed that the injected charge can be captured by traps on its way towards to the opposite electrode. Charge injection has been observed to occur in LDPE above a threshold value of 10 kV mm -1 [14] . From the surface potential in Figure 5 , the lowest electric field is 25 kV mm -1 , which is well above the threshold value and therefore charge injection dominates all the voltage level in this study. By selecting different ground electrode of the sample, the differences in the decay rate in section 3.1, the corona charging current in section 3.2 and the charge density on the bottom surface of the corona charged sample in section 3.3 can be clearly observed. The work function for gold (Au) is 5.1 -5.47 eV and for aluminium (Al) is 4.06 -4.26 eV [15] i.e. gold has a higher work function than aluminium. This means that charge exchange between aluminium and polymer is easier than gold. Therefore, it explains why different bottom ground electrode can produce differences in the results and the injection from the bottom surface of the sample during corona charging must be taken into account.
There are few common features that can be found by comparing Figures 9 and Figure 10 . The first one is that at any voltage levels, electrons and holes are injected into the sample deeply and recombined with each other. As a result, the amount of charge injection can be observed from the corona charged sample's surfaces. As the grid voltage increases, the charge densities on both the bottom surface and the top surface of the corona charged sample increase, which indicates the field dependent mechanism of injection for both surfaces. The second common feature is that the bottom surface always has more charge injection than the top surface for the aluminium ground sample; and it has less injected charge in the gold ground sample. The reason that all the gold ground samples have a larger top surface injection is because all the reading are taken 1 min decay, the slower decay for gold ground samples caused more charges on the top surface. The surprising observation is that the decay rate on the top surface of corona charged sample is almost the same for either the aluminium ground sample or the gold ground sample; however, there is a big difference on the decay rate of the bottom surface. This indicates that the injection on the corona charged surface is not affected by changing the ground type of the LDPE film. However, the injection from the bottom surface is reduced; the decaying rate of the charges on bottom surface is much slower and therefore reduces the top surface potential decay rate. Therefore, a preliminary simulation is attempt to prove this observed phenomenon.
Simulation
Recently, the bipolar charge transport model has been widely used to describe the current-voltage characteristics and charge dynamics in polymeric insulation after proposed in 1994 [16] . The model contains three important components: charge build-up (or generation), charge transport process with trapping/de-trapping and charge recombination under DC voltage. It has also been reported that bipolar charge transport model can be used to simulate surface potential decay on corona charged polymeric materials [17, 18] . The numerical model can explain the influence of the bottom electrode on injection extraction at the interface during corona charging process and subsequently affect its surface potential decay results. Details of the model can be found in Reference [17] .
The selection of parameters used in the model can be found in Table 1 . To prove that the gold ground can play an important role in both of the charging and decaying process, all the parameters are kept the same expect the bottom surface injection barrier height from the Schottky injection, which is higher for gold electrode due to its higher work function compared with aluminium [15] .
The preliminary simulation results for aluminium ground sample and gold ground sample are shown in Figure 11 . It can be clearly seen that the surface potential with gold ground sample at both -2 kV and -8 kV decay slower than that with aluminium ground sample. Also the cross-over phenomenon can be observed for aluminium ground sample and no cross-over is shown for the gold ground sample. These results prove that reducing the amount of charge injection from the bottom layer of the corona charged sample can reduce its corona charged surface potential decay rate. Gold Ground -2kV
Aluminium Ground -8kV
Gold Ground -8kV
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Surface Potential (-kV) Figure 11 . Preliminary simulation results for aluminium ground sample and gold ground sample
Conclusions
The effect of ground electrode on charge injection and surface potential decay of corona charged LDPE has been studied using four different techniques: surface potential decay measurement, corona charging current measurement, space charge measurement and bipolar charge transport model. The surface potential decay measurement shows clearly the different decay rates of the aluminium ground sample and the gold ground sample. The corona charging current measurement shows that the ground electrode injection from the gold electrode is always smaller than the aluminium ground electrode injection. The space charge measurement clarifies the charge density along both top surface and bottom surface of the sample. Finally, the simulation results prove that the reduction of the bottom surface injection can make the top surface potential decaying slower. Combining all the results, it can be concluded that bipolar charge injection is the key factor during the corona charging and decaying process and the injection from the bottom surface of the sample must be taken into account.
